Butanol has received significant research attention as the second-generation biofuel in the past few years. In the present study, skeletal mechanisms for four butanol isomers were generated from two widely accepted, well-validated detailed chemical kinetic models for the butanol isomers. The detailed models were reduced using a two-stage approach consisting of the directed relation graph with error propagation and sensitivity analysis. During the reduction process, issues encountered with pressure-dependent reactions formulated using the logarithmic pressure interpolation approach were discussed, with recommendations made to avoid ambiguity in its future implementation in mechanism development. The performances of the skeletal mechanisms generated here were compared with those of detailed mechanisms in simulations of autoignition delay times, laminar flame speeds, and perfectly stirred reactor temperature response curves and extinction residence times, over a wide range of pressures, temperatures, 1 arXiv:1706.02043v1 [physics.chem-ph] 7 Jun 2017 and equivalence ratios. Good agreement was observed between the detailed and skeletal mechanisms, demonstrating the adequacy of the resulting reduced chemistry for all the butanol isomers in predicting global combustion phenomena. The skeletal mechanisms also closely predicted the time-histories of fuel mass fractions in homogeneous compression-ignition engine simulations. Finally, the performances of the butanol isomers were compared with that of a gasoline surrogate with an anti-knock index of 87 in a homogeneous compression-ignition engine simulation. The gasoline surrogate consumed faster than any of the butanol isomers, and tert-butanol had the slowest fuel consumption rate; n-butanol and isobutanol came closest to matching the gasoline, but the two literature chemical kinetic models predicted different orderings.
Introduction
Interest in renewable energy has grown significantly in the last decade, driven primarily by unstable oil prices and the environmental costs associated with fossil fuels. Alcohol biofuels, renewable fuels produced from biological sources, have attracted significant research interest because they may offer significant benefits in terms of reduced emissions, lowered lifecycle carbon footprint, improved price stability, and more distributed production facilities.
Moreover, as a result of the reduced chemical complexity-relative to petroleum distillatesand the accompanying reduction in fuel variability associated with alcohol biofuels, detailed modeling of complete combustion systems becomes significantly more tractable, aiding the development of novel engine designs. However, while novel engine designs and alternative fuels promise improved efficiencies and better emissions performance, to a great extent their success depends on a comprehensive understanding of fuel kinetics. Robust chemical kinetic models are therefore needed that can provide accurate and efficient predictions of combustion performance across a wide range of engine relevant conditions.
Butanol
Butanol has many advantages as a biofuel over ethanol, including a higher heating value, reduced corrosiveness and susceptibility to water contamination, better engine performance, and a wider range of feedstocks 1, 2 . For these reasons, butanol is under consideration to replace ethanol as an alternative fuel to gasoline and diesel. Extensive efforts have been made in recent years to study the combustion performance of the four butanol isomers in various well-defined fundamental and engine experiments. Numerous fundamental studies have investigated a variety of combustion characteristics of the butanol isomers, including homogeneous autoignition delays [3] [4] [5] [6] [7] , counterflow ignition temperatures [8] [9] [10] , laminar flame speeds [10] [11] [12] [13] [14] [15] , flame extinction limits 16, 17 , and species evolutions 11, 17 . Sarathy et al. Several of these studies compared combustion properties among the four butanol isomers and found differences in ignition propensity [5] [6] [7] [8] and flame propagation [13] [14] [15] , demonstrating that the four isomers exhibit differing reactivities as a result of their different molecular structures, which Fig. 1 depicts. In addition, other studies focused on the combustion characteristics of n-butanol in terms of ignition temperature 9,10 , flame propagation [10] [11] [12] , and speciation 11 . Lefkowitz et al. 17 explored flame extinction and speciation to characterize the global reactivity of tert-butanol due to its distinctive characteristics compared with the other three butanol isomers. The performances of butanol blends with gasoline or diesel have also been assessed in spark ignition (SI) engines 20, 21 , compression ignition (CI) engines [22] [23] [24] , and advanced homogeneous charge compression ignition (HCCI) engines 25, 26 in terms of exhaust temperature, thermal efficiency, autoignition timing, and emissions. Aside from the work of Al-Hasan and Al-Momany 22 on isobutanol, the majority of these studies focused on blends of n-butanol with conventional petroleum-derived fuels at various blending ratios. Recently, He et al. 27 also evaluated the behavior of pure n-butanol in an HCCI engine in terms of combustion performance and emissions at engine speeds of 1200 and 1500 rpm. In addition to this experimental work, much progress has been made in developing kinetic models that describe the chemical kinetics of the butanol isomers; see Sarathy et al. 18 for a detailed review of these efforts. Moss et al. 7 developed the first detailed chemical kinetic model for four butanol isomers based on the high temperature ignition delay data measured in a shock tube. Later, Dagaut et al. 28 proposed a detailed chemical kinetic model for n-butanol based on jet stirred reactor data. validated their detailed model using data from pyrolysis, shock-tube autoignition, and both premixed and non-premixed flame experiments.
Van Geem et al. 34 proposed a detailed chemical kinetic model for n-, sec-, and tertbutanol, and validated it using shock-tube ignition delay times, pyrolysis data, and flame species profiles. Later, Merchant et al. 35 studied the pyrolysis and combustion of isobutanol and added its chemical pathways to the model of Van Geem et al. 34 . The combined detailed model of Merchant et al. 35 for all four butanol isomers consists of 372 species and 8723
reactions.
Need for model reduction
While the predictions of the aforementioned butanol models largely match fundamental experimental validation data, their large sizes pose a significant challenge to their implementation in practical engine simulations. The computational cost of detailed chemistry in such simulations scales cubically with the number of species (in the worst case) 36 . The resulting large number of governing differential equations for the set of species are nonlinearly coupled, and exhibit vastly different time scales that render them mathematically stiff 36 .
The large size and chemical stiffness of detailed chemical kinetic models therefore limit their application to large-scale simulations, and as such there is a growing need to reduce the size of these models while retaining their predictive capabilities.
A large number of model reduction methodologies have been developed in the past decade to counter the trend of increased numbers of species and reactions, as reviewed by Lu and 42 for representing reaction pathways with weighted directed graphs, but instead uses the graph to quantify the importance of species. The weights of graph edges represent species interaction coefficients, which estimate the error induced in the overall production rate of one species by the removal of the other, and are determined with normalized contributions to the overall production rates. Low-valued graph edges then indicate unimportant relationships between species, and are trimmed; the DRG method produces a skeletal mechanism after trimming the graph in this way then identifying which species remain connected to certain important target species.
DRG is often used as the first step of a multistage reduction to quickly reduce a large detailed mechanism to a smaller skeletal mechanism. However, DRG only considers direct interactions between species and thus assumes the worst-case scenario for error propagation, and can generate non-minimal skeletal mechanisms. Pepiot-Desjardins and Pitsch 43 proposed a more aggressive treatment that considers error propagation along the graph pathways: DRG with error propagation (DRGEP). The DRGEP method can generate smaller mechanisms compared with DRG alone 43, 44 , while maintaining the fidelity of the resulting skeletal mechanism to the original detailed description. Such skeletal mechanisms can be further reduced by various techniques such as sensitivity analysis (SA) [44] [45] [46] and path flux analysis 47 . In addition, techniques based on time-scale analysis can be used to both effectively decrease mechanism size and reduce stiffness, such as invoking quasi-steady state approximations 48, 49 and/or using computational singular perturbation methods [50] [51] [52] [53] .
Given the potential application of butanol isomers in internal combustion engines, it is necessary to reduce butanol mechanism sizes for use in realistic engine simulations-without sacrificing chemical fidelity relative to the underlying detailed mechanism. Therefore, our first objective in this paper is to generate skeletal mechanisms for butanol isomers from available comprehensive models based on the DRGEPSA method, as described by Niemeyer et al. [44] [45] [46] 54 . We then compare intermediate and final skeletal mechanisms, resulting from the DRGEP and DRGEPSA (i.e., DRGEP followed by SA) methods, respectively, with their parent detailed mechanisms in terms of ignition delay times, laminar flame speeds, and perfectly stirred reactor (PSR) temperature response curves and extinction turning points, to assess the validity of the reduction methodology. In addition, we investigate the potential of replacing gasoline with butanol by comparing the engine performance of the butanol isomers and a gasoline surrogate. Finally, we discuss our overall conclusions and contributions of the paper.
Methodology
In this section, we describe the baseline chemical kinetic models, the reduction procedure, and validation of the resulting skeletal mechanisms. The reduction procedure used here is based on the approach of Niemeyer and coworkers [44] [45] [46] 54 , and a complete description can be found in those works. However, we provide an overview of the method here for completeness, and discuss a few notable changes.
Chemical kinetic models
We selected two detailed chemical kinetic models from the literature to generate skeletal mechanisms for the four butanol isomers: the mechanisms of Sarathy and coworkers 29, 30 and Merchant et al. 35 , hereafter referred to as the Sarathy mechanism (284 species, 1892 reactions) and Merchant mechanism (372 species, 8322 reactions), respectively. Note that one reaction has been removed from the original Merchant mechanism due to an issue of negative rate coefficient in a pressure-dependent reaction, which will be further explained in due course. Both mechanisms include chemical pathways for all four butanol isomers: n-, mechanism for all four butanol isomers. However, this model contains reactions with noninteger stoichiometric coefficients that make it incompatible with the current CHEMKINbased reduction code, and thus it is not included in the present study. 
Reduction procedure
The reduction of the detailed mechanisms was performed at two levels: DRGEP and full DRGEPSA. The first level applies the DRGEP method to quantify the importance of each species to the predetermined target species through a graph-based representation of species interdependence within the reaction system. Species are removed when their importance values fall below a cutoff threshold, which is determined iteratively based on a user-specified error limit. After a skeletal mechanism is generated by DRGEP, greedy sensitivity analysis further removes certain "limbo" species whose overall importance coefficients fall between the cutoff threshold and a specified upper threshold, while remaining within the specified error limit. Additional details of the reduction methodology can be found in the works of Niemeyer and coworkers [44] [45] [46] 54 . This study used version 2. The reduction procedure used autoignition and PSR simulation data to both generate thermochemical state data (e.g., to calculate DRGEP species interaction coefficients) and to evaluate trial skeletal mechanism performance. The reactants butanol, O 2 , and N 2 were chosen as the target species in the reduction process, following the practice of Niemeyer and coworkers in prior studies using DRGEP [44] [45] [46] 54 . Since we are primarily interested in SI or CI engines operating at high temperatures, the reduction validations are limited to temperatures above 1000 K. Specifically, the autoignition simulations cover initial temperatures of 1000-1800 K, pressures of 1-40 atm, and equivalence ratios of 0.5-1.5. PSR simulations cover the same ranges of pressure and equivalence ratio, with an inlet temperature of 400 K. The error limit level for DRGEP was set to 10 %, while the upper threshold value for the SA phase was set to 0.1. MARS determines the DRGEP cutoff threshold value iteratively based on the 10 % error limit, starting at 1 × 10 −3 and increasing until it reaches the error limit. Niemeyer and Sung 45,46 suggested using these values to achieve appreciable mechanism reduction without compromising accuracy. MARS evaluates skeletal mechanism error using both ignition delay times and PSR temperatures at three points along the upper branch of the response curve with respect to residence time: the extinction turning point, near a residence time of 0.1 s, and the logarithmic midpoint between the first two points 46 . 
Pressure-dependent reactions
In addition to the canonical Arrhenius dependence of reaction rates on temperature, the reaction rates of certain reactions are also dependent on pressure. Such reactions include, for example, dissociation reactions, isomerization reactions, radical-radical recombination reactions, and elimination reactions. Pressure dependence is typically expressed as unimolecular/ recombination fall-off reactions and chemically activated bimolecular reactions. In general, the rates of unimolecular/recombination fall-off reactions increase with increasing pressure, while the rates of chemically activated bimolecular reactions decrease with increasing pressure. To capture the "fall-off" behavior of these reactions, their reaction rate coefficients are usually described by modified Arrhenius expressions utilizing low-and high-pressure limit constants and a fall-off factor that smoothly connects the limiting rate coefficients between the fall-off regimes. The Lindemann, Troe, and SRI formulations of Lindemann et al. 56 , Gilbert et al. 57 , and Stewart et al. 58 , respectively, provide analytical expressions for the falloff factor and have been quite successful at describing most pressure-dependent reactions.
However, for more complex reactions with multiple energy wells and products, the fall-off behavior cannot be satisfactorily fitted using a single Arrhenius expression. More accurate formulations based on logarithmic interpolation (i.e., pressure-log) 59, 60 and Chebyshev polynomials [59] [60] [61] [62] have been proposed and used in more recent chemical kinetic models, such as the Sarathy and Merchant mechanisms employed in the present study. Caution needs to be exercised when implementing the pressure-log and Chebyshev reactions due to their complex formulations, and care needs to be taken with regards to their validity range to prevent unjustified extrapolation outside their specified limits. This is particularly true in the case of Chebyshev polynomials, as their formulation is mathematically constrained to the stated pressure and temperature limits. Beyond these general cautions, however, in the process of our mechanism reduction several issues were encountered for certain pressure-log reactions, and we would like to clarify them in the remainder of this section in an effort to motivate a more consistent method of applying such pressure-log reactions in future studies.
In a pressure-log reaction, the reaction rate constant k i (T, P i ) at a specified pressure P i and a temperature T is given by
where A i , b i , and E i are the pre-exponential factor, temperature exponent, and activation energy, respectively, given for a specified pressure P i in a pressure-log reaction. Usually, several rate expressions at different specified pressures will be given to cover a range of pressures. The reaction rate constant k(T, P ) at any intermediate pressure
can be computed by a log fitting method using k i (T, P i ) and k i+1 (T, P i+1 ) as given by
When P is outside the specified pressure range, CHEMKIN-PRO 59 uses the rate expression at the limit pressure to avoid an error, although the validity of this approach cannot be justified.
Many mechanisms also allow certain identical reactions to proceed at different rates;
these reactions can be defined as "declared duplicate" reactions with separate sets of rate expressions. For pressure-log reactions, such utility can be achieved by using multiple rate expressions at the same pressure in one reaction, in which case the rate constants used in The above duplicate pressure-log reactions can also be reformulated using multiple rate expressions into a single pressure-log reaction format: Both formulations are syntactically valid, but each will cause isobutanol to decompose into isobutene and water at different rates. Figure 4 compares the half-life times of isobutanol using the duplicate-reaction and multiple-expression formulations at a constant pressure of 40 atm and temperature of 1000 K, illustrating the differences between the two approaches.
The decomposition of isobutanol can proceed at two different rates as represented by the first and second reactions in the duplicate-reaction formulation; however, when combined the duplicate-reaction formulation predicts a slower decay than the multiple-expression formu-lation, resulting in half-life times of 47.5 s and 29.0 s for the duplicate-reaction and multipleexpression formulations, respectively. This difference occurs because the duplicate-reaction formulation calculates the net rate coefficient as the sum of the logarithmically interpolated rate coefficients, while the multiple-expression formulation sums the rate coefficients prior to interpolation. As long as the difference between these two formulations is understood, the mechanism developer should intentionally choose the proper formulation for a given pressure-log reaction with multiple reaction rates. Another issue can arise with negative pre-exponential factors in pressure-log reactions:
duplicate-reaction formulations cannot allow a negative value, since the logarithm of a negative rate coefficient would be undefined. In contrast, the single-reaction, multiple-expression formulation allows a negative pre-exponential factor as long as the sum of the rate constants at the same pressure remains positive. As it turns out, this issue is not hypothetical: in the Merchant mechanism, one isobutanol reaction describing decomposition into a methyl radi-cal and 2-hydroxypropyl (iBuOH ← − → CH 3 +C 3 H 7 O−2) contains a negative pre-exponential factor in the duplicate pressure-log format, which forces the logarithm of a negative rate constant and thus causes a failure in our mechanism reduction process due to an undefined value.
Brady et al. 8 observed the same problem in their study on forced ignition of the butanol isomers. Perhaps more worryingly, when the same reaction is used in CHEMKIN-PRO 59 , the software proceeds with the calculation without showing any warning or error messages.
Cantera, an alternative open-source software 60 , stops with an error message. Given the nature of the interpolation, it is unclear what allows CHEMKIN-PRO calculations to proceed. In order to facilitate as broad a mechanism comparison as possible, this reaction was removed from the Merchant mechanism before our reduction process. The removal of this isobutanol decomposition reaction is deemed valid for n-, sec-, and tert-butanols since it has little effect on their oxidation pathways. As for isobutanol, we assume that the pathway of isobutanol decomposing into methyl and 2-hydroxypropyl is not significant due to its high Therefore, the reaction of iBuOH ← − → CH 3 + C 3 H 7 O−2 was excluded from the Merchant mechanism in our present study.
Validation of skeletal mechanisms
We first performed a validation of the skeletal mechanisms in autoignition simulations over a range of initial temperatures, pressures, and equivalence ratios. Figures 5 and 6 show and compare the ignition delay times for the butanol isomers at stoichiometric conditions predicted by detailed and skeletal mechanisms for the Sarathy and Merchant mechanisms, respectively. As the low-temperature chemistry is not considered in this study, the ignition For each mechabnism, we also performed sensitivity analyses of laminar flame speed at an unburned mixture temperature of 400 K, pressure of 1 atm, and stoichiometric equivalence ratio. Figure 12 shows the sensitivity of n-butanol laminar flame speed with respect to preexponential factors using the Sarathy mechanism. The laminar flame speed is most sensitive to reactions describing H 2 /CO chemistry with chain propagation/termination reactions involving H and OH radicals. The skeletal mechanisms at both reduction levels produce similar Comparing the four butanol isomers, the Sarathy mechanism predicts that n-butanol exhibits the fastest consumption rate, and hence the shortest combustion duration (crank angles from 90 % to 10 % of fuel mass fraction), followed by iso, sec-, and tert-butanols.
The Merchant mechanism predicts that isobutanol and n-butanol have the fastest consumption rates, followed by sec-and tert-butanols. Compared to the other three isomers, the slower consumption rate of tert-butanol predicted by both Sarathy and Merchant mechanisms can be attributed to its high activation energy; tert-butanol's lower reactivity has been demonstrated in several experimental configurations including autoignition delay 5-7 , ignition temperature 8 , and laminar flame speed [13] [14] [15] . It is also noted that tert-butanol is currently used as an octane enhancer in gasoline. Comparing the relative behavior of the butanol isomers between the Sarathy and Merchant mechanisms, n-butanol exhibits a noticeably faster consumption rate than isobutanol in the Sarathy mechanism, but a somewhat slower consumption rate than isobutanol in the Merchant mechanism. A close comparison of the experimental data on ignition delay and atmospheric laminar flame speed in Figs. 2 and 3, respectively, shows that n-butanol manifests faster ignition at near-atmospheric pressures and slightly higher laminar flame speeds than isobutanol; at high pressures, ignition delays for n-butanol are comparable to those of isobutanol. Previous studies on high temperature ignition delay 5, 7 and laminar flame speed 13, 15 showed that n-butanol has the highest reactivity, followed by iso and sec-butanols, and tert-butanol has the lowest reactivity. Other studies on forced ignition temperature 8 and laminar flame speed 14 showed similar reactivity among n-, iso, and sec-butanols, while the reactivity of tert-butanol is consistently lower than the other three isomers.
To compare the engine performance of butanol isomers with that of conventional gasoline, a skeletal mechanism 46 proposed for a gasoline surrogate Fig. 16 again shows that the gasoline surrogate ignites first, followed by iso and n-butanols predicted by the Merchant mechanism, and then n-, iso, sec-, and tert-butanols predicted by Sarathy mechanism. The sec-and tert-butanols predicted by the Merchant mechanism ignite last. In general, the observed trend somehow follows the octane rates of the gasoline surrogate 64 and butanol isomers 65, 66 . Overall, the results from both mechanisms suggest that n-butanol and isobutanol more closely match the reactivity of the gasoline surrogate, and could thus more easily be combined with or replace gasoline in a compression-ignition engine. 
Concluding remarks
In the present study, skeletal mechanisms for each butanol isomer were generated by the DRGEP and DREGPSA reduction methods for the detailed mechanisms of Sarathy and coworkers 29, 30 and Merchant et al. 35 The DRGEP method combined with an SA phase removed a significant proportion of the detailed mechanisms while maintaining their essential behaviors, resulting in final DRGEPSA skeletal mechanisms for each isomer ranging from 18-23 % of the size of their parent detailed mechanisms. All of the resulting skeletal mechanisms are limited to high temperature conditions above 1000 K and pressure up to 40 atm, and cover lean to rich equivalence ratios of 0.5-1.5. The skeletal mechanisms generated in this study are included as supplemental material with this article. consumed faster than all butanol isomers for both skeletal mechanism sets, both sets predict that n-butanol and isobutanol are consumed closest to the gasoline (albeit in different orders).
tert-Butanol exhibits the slowest consumption rate amongst the four isomers regardless of the parent mechanisms. For the same isomer, the Merchant mechanism predicts faster consumption rates of n-and isobutanol than those predicted by the Sarathy mechanism, while the Sarathy mechanism predicts faster consumption of sec-and tert-butanol than the Merchant mechanism. These results indicate that n-butanol and isobutanol might be more suitable to supplement or replace gasoline than sec-or tert-butanol.
In addition to the skeletal mechanisms for butanol and comparisons with gasoline produced in this study, issues with pressure-dependent reactions expressed via logarithmic interpolation were also identified and discussed. In particular, the rates of otherwise identical pressure-log reactions exhibit differences when expressed as duplicate reactions or multiple expressions in single reaction. Furthermore, issues can arise with negative pre-exponential
Arrhenius factors in such reactions. We therefore recommend that mechanism developers take care in selecting the formulation of pressure-log reactions.
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